Introduction {#Sec1}
============

The effects of ionizing radiation on humans and the ecosystems have been investigated since the 1950s^[@CR1]--[@CR7]^ driven by interest in understanding radiation effects on both natural and agricultural ecosystems. Radiation effects are also of interest for exploring the viability of ecosystems in space travel and space colonization^[@CR8],[@CR9]^, and in assessing the likelihood of independently evolving biota in high radiation environments on other planets^[@CR10],[@CR11]^.

Radiation is known to affect living cells in diverse ways. There are direct effects on the structural integrity of cellular components, such as membranes^[@CR12]--[@CR14]^, and on enzyme viability by protein denaturation^[@CR15],[@CR16]^. Cells are generally most vulnerable when actively dividing, due to the breakage or alteration of DNA that results from radiation^[@CR17]^. Certain types of organisms are far more susceptible than others to radiation^[@CR18]^; although some types of bacteria and archaea can survive at thousands of times the dosages that would kill humans^[@CR19]^. The biological mechanism of radiation resistance differs between taxa and involves the coordination of a myriad of biochemical and genetic processes. In the most radiation resistant groups known (*Deinococcus spp*. and *Thermococcus gammatolerans*), resistance involves genes for a complex network of DNA repair and metabolic switching processes^[@CR20],[@CR21]^. Various other radiation resistance and repair mechanisms have also been identified in living organisms^[@CR22]^.

However, the effects of high doses of ionizing radiation on complex communities of soil organisms have not been well studied. Soil is arguably the most biologically diverse environment on Earth^[@CR23]^, and most of its diversity consists of complex communities of organisms that are microscopic or near microscopic, and morphologically cryptic^[@CR24]^. Most of these microscopic life forms have neither been isolated nor studied^[@CR25],[@CR26]^, yet these microorganisms play key roles in the ecosystem^[@CR27],[@CR28]^. More thorough assessment of soil biological diversity, including the huge numbers of non-cultured forms, is possible due to advances in sequencing and bioinformatics. Using environmental DNA-based methods to study irradiated soils has the potential to uncover the full range of radiation-resistant forms of every group of organisms (be they bacteria, fungi, metazoa, protists, archaea or viruses).

The study of irradiated soil communities also may be approached from a generalized ecological point of view, as a system subject to stress and disturbance effects and recovery. This approach has the potential to provide clues to the processes that govern the assembly of communities in nature, including the mechanisms behind diversity and coexistence. In this study, we took this approach, focussing on a number of hypotheses regarding the effects on radiation on soil communities and their functional characteristics:

Soils subjected to gamma irradiation will have a taxonomically distinct biota from control soils, and the diversity of this biota will differ according to the radiation dose received {#Sec2}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It is expected that exposure to radiation will lead to lower taxonomic diversity, because high radiation is a universal stressor to which microbial communities have low overall adaptation and tolerance^[@CR29]^. Survival at high doses of radiation appears to involve elaborate mechanisms that probably evolved in response to natural exposure to UV radiation, drying and extreme heat^[@CR22],[@CR30],[@CR31]^. It is likely that only a subset of taxa may happen to carry the adaptive traits to survive a large dose of radiation, which will result in a progressive diminution of diversity. Furthermore, we hypothesized a large shift in taxonomic composition of the soil biota, in terms of both lower and higher-level taxa, as some taxa will happen to possess stronger adaptations for radiation tolerance than others do. We hypothesized that at the highest level, Bacteria and Archaea would become relatively more abundant than Eukaryota, and especially Metazoa, due to the simpler cellular organization of these organisms^[@CR32]^.

Soils exposed to radiation will have a lower diversity of functional genes owing to the reduced diversity of taxa that can survive, and the restrictions imposed by radiation damage to physiological/ecological strategies {#Sec3}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We anticipated that the extreme physiological and biochemical challenges presented by repeated radiation exposure would result in a reduced range of functional genes comprising the metagenome. Partly, this would be an incidental effect of reduced taxonomic diversity -- reducing the range of genes particular to individual taxa. However, we also hypothesized that the damage caused by high radiation would make a range of energy-requiring physiological or biochemical functions non-viable^[@CR33]^, because so much of the energy and resources of the cell would be diverted into radiation damage protection and repair mechanisms, thereby restricting the potential range of niches and ecological strategies.

Greater abundance of certain key groups of genes will be associated with radiation exposure {#Sec4}
-------------------------------------------------------------------------------------------

These would include stress-response genes, which assist in the survival of various extreme conditions such as high temperatures, freezing or high salinity through forming biofilms, fruiting bodies, filaments, spores or taxis responses -- often through regulating other downstream genes^[@CR34],[@CR35]^. We envisaged that this occurs mainly through pre-adaptation after having evolved in the organisms to cope with damage caused by other stressors, and organisms carrying such genes are then ecologically selected, becoming more abundant in soil exposed to radiation.

Dormancy and sporulation-related genes were also hypothesized to become more abundant, because actively dividing cells are known to be particularly susceptible to radiation damage^[@CR36]^. However, resistant species have the capacity to outlive it while others with the capacity to form resting spores or to enter periodic dormancy will be adapted to avoiding radiation damage^[@CR37],[@CR38]^. Dormancy allows organisms to recover following disturbance in a way that other taxa cannot. Since radiation exposure in our experimental systems occurred in repeated bursts, rather than continuously, cells that were coincidentally dormant during exposure phases would be more likely to survive and then become abundant.

We also anticipated lower abundance of competition-related genes associated with radiation exposure. Each weekly radiation dose is likely to be associated with phases of mass death of cells, followed by a recovery phase in which surviving forms recolonize, exploiting the nutrients available from dead cells. This would be an example of an 'r' selected environment^[@CR39],[@CR40]^, and such environments with abundant nutrients and space, are seen as ecologically selecting rapid growth and reproduction, rather than interference competition. Consequently, we expected to see a lower abundance of genes relating to antibiotic production (or antibiotic resistance to cope with this), and lower abundance of genes relating to cell-cell interactions (characterised as regulation and cell signalling, which includes programmed cell death and toxin-antitoxin systems related genes, proteolytic pathways related genes, quorum sensing and biofilm formation and regulation of virulence).

Additionally, as part of this study, we investigated basic soil parameters -- total organic carbon, total nitrogen, and pH -- to understand the extent to which the chemistry of the whole soil system may change either because of gamma (γ) ray exposure to the organisms^[@CR41]^, or due to the effects of the radiation on soil chemistry. Chemical changes in soils that are completely sterilized by γ- rays are generally considered to be relatively minor^[@CR42]--[@CR50]^. However, γ-irradiation has been shown to induce surviving microbes to decompose soil organic matter, by influencing cellular metabolism and functionality without altering the soil structure^[@CR51],[@CR52]^. We were interested in investigating the emergent properties of a changing soil system characterized by the survival of some living forms, resulting from repeated bursts of exposure. Whether these changes are just the purely chemical effects of repeated exposure to γ-rays, or consequences of shifts in soil biota community and activity might not be clear. Nevertheless, the possibility of such changes should be investigated as a part of the entire system, even if only as a spur to further study.

The radiation doses we used in this experiment were far higher than are seen at most radiation-contaminated sites: for example, a medium level nuclear waste site would be expected to experience around 20 Gy, while a high-level site or cooling pond might experience \>1000 Gy^[@CR53]^. Nevertheless, highly contaminated ecosystems after accidents have been recorded (100 Gy Chernobyl and 10 Gy at Fukushima^[@CR54],[@CR55]^. Radiation doses in space would be around 0.5 mGy^[@CR56]^. Even if doses as high as those we used are highly unusual on Earth, studying the extreme case of very high radiation doses may help in understanding the general direction in which selection from the lower radiation doses that are more commonly seen will tend to push the soil ecosystem. Cockell *et al*.^[@CR57]^ has suggested that even normal background levels of radiation may be a significant long-term factor in soil systems.

Results {#Sec5}
=======

Soil chemical properties {#Sec6}
------------------------

Soil chemical properties differed among the treatment levels except for pH, which showed little variation across the treatments (Supplementary Fig. [1](#MOESM1){ref-type="media"}). The concentration of TN was highest in the pre-treatment samples and lowest in high radiation treated samples whereas TOC concentration, which was also highest in the pre-treatment, was lowest in the low radiation treated samples. TOC was significantly different between the treatment groups with P-~values~ (at p ≤ 0.05) (Supplementary Fig. [1](#MOESM1){ref-type="media"}). To understand the overall correlation effects, we conducted a principal component analysis (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Principal component analysis of the effects of gamma irradiation on the measured environmental variables. Component 1 and 2 account for 83.60% of the observed variation. PCA loadings of component 1 suggest TN and TOC loaded positively on the axis while pH and TN loaded positively on the component 2.

Microbial taxa abundance and community composition {#Sec7}
--------------------------------------------------

Approximately 65 million good quality sequences were obtained after quality control filtering from 24 samples through shotgun metagenomic sequencing (Supplementary Table [2](#MOESM1){ref-type="media"}). Of these, 40--45% of the total metagenomic sequences were annotated to a protein of known function using E-value \<1 × 10^−5^ and 15-bp minimum alignment length.

Relative abundance of domain and dominant phyla shows large differences between bacteria, archaea, and eukaryotes. Bacterial sequences predominated in every sample (98.36% of all sequences, overall) followed by Archaea (1.21%) and Eukarya (0.43%) (Supplementary Fig. [2a](#MOESM1){ref-type="media"} and b). The relative abundance of phyla suggests different patterns of abundance within and between treatments. Functional annotation of major domains reveal different sets of dominant coding genes in each domain (Supplementary Fig. [2c,d](#MOESM1){ref-type="media"}). The dominant ones include clustering-based subsystems, carbohydrates and amino acids and their derivatives-related genes.

Among the major recognized bacterial phyla recorded in the study, Deinococcus-Thermus was the most abundant, followed by Chloroflexi, Actinobacteria and Proteobacteria (Fig. [2](#Fig2){ref-type="fig"} and Supplementary Fig. [3a](#MOESM1){ref-type="media"}). Proteobacteria was the most abundant bacterial phylum in the pre-treatment and control samples whereas Deinococcus-Thermus was the most abundant in the highest irradiation treatment. Functional annotation of these abundant phyla reveal that although the diversity (in terms of number) of coding gene types was similar, they utilized higher proportions of certain types of these genes (Supplementary Fig. [3b](#MOESM1){ref-type="media"}).Figure 2Relative abundance of major recognized bacteria phyla observed in shotgun metagenomics sequence data after exposure to different levels of gamma radiation. The abundance of bacteria phyla in the pre-treatment and control samples differ from the radiation-treated samples. The most abundant phyla in untreated samples was Proteobacteria while Deinococcus-Thermus was the most abundant in the treated samples.

The most abundant archaeal phylum across all treatments was Nanoarchaeota followed by Thaumarchaeota and Crenarchaeota (Supplementary Fig. [4b](#MOESM1){ref-type="media"}). In the control and pre-treatments samples, Euryarchaeota was the most abundant archaeal phylum. This phylum was strongly impacted by the higher doses of irradiation with its far lower abundance in the radiation-treated samples compared to the other phyla (Crenarchaeota, Korarchaeota, Nanoarchaeota and Thaumarchaeota), which all increased their relative abundance. Functional annotation for Nanoarchaeota suggests a high proportion of genes related to DNA processing and protein metabolism (Supplementary Fig. [4e](#MOESM1){ref-type="media"}).

Twenty recognizable Eukaryota phyla were obtained (Supplementary Table [3](#MOESM1){ref-type="media"}). These included algal, fungal and metazoan phyla (Supplementary Fig. [4a,c,d](#MOESM1){ref-type="media"}), which all varied across the treatments. Streptophyta was the most abundant algal phylum in the control samples whereas Chlorophyta and Bacillariophyta were abundant in the radiation treated samples (Supplementary Fig. [4a](#MOESM1){ref-type="media"}). Functional annotation of Chlorophyta suggest they were actively utilizing respiration-related genes (Supplementary Fig. [4e](#MOESM1){ref-type="media"}). Among the fungal phyla, Ascomycota and Chytridiomycota were most abundant in the control and radiation treated samples respectively (Supplementary Fig. [4c](#MOESM1){ref-type="media"}). Chordata was the most abundant metazoa phylum in the control, while Apicomplexa and Echinodermata (presumably mis-assigned and from other metazoan phyla, due to the limitation in metazoan gene characterisation in existing databases) were abundant in the radiation-treated samples (Supplementary Fig. [4d](#MOESM1){ref-type="media"}).

The data from qPCR for both bacteria and fungi reveal a decline in gene copy numbers, suggesting a substantial decrease in populations, with increasing radiation dose (Supplementary Fig. [5](#MOESM1){ref-type="media"}).

Functional gene abundance and composition {#Sec8}
-----------------------------------------

Twenty-eight functional genes were obtained from SEED level 1 with varying abundance including amino acid derivatives, carbohydrates, cell division and cell cycle, DNA metabolism, dormancy and sporulation, protein metabolism, RNA metabolism, secondary metabolism, virulence and stress response-related genes (Fig. [3](#Fig3){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). The most abundant gene category across all treatments was carbohydrate-related genes (13.59% on average), followed by clustering based subsystems (12.83%), and genes associated with amino acids and derivatives (10.41%), protein metabolism (7.94%), miscellaneous (6.51%), cofactors, vitamins, prosthetic groups and pigments (5.56%) and DNA metabolism (4.34%) (Fig. [3](#Fig3){ref-type="fig"}). Among the 28 functional gene categories, 25 differed significantly across the treatments (Table [1](#Tab1){ref-type="table"}).Figure 3Relative abundance of SEED subsystem level 1 functional genes observed in shotgun metagenomic sequence data after exposure to different levels of gamma radiation. Almost similar pattern of abundance was observed between the control and radiation treated samples.Table 1Variations in the relative abundance of SEED subsystem level 1 genes as determined by ANOVA and Kruskal-Wallis test. Of the 28 genes, only three had P~values~ \> 0.05 and they include cell division and cell cycle, respiration and secondary metabolism related genes. The non-significant distribution of these genes imply their functions is affected due to exposure to ionizing radiation. On the other hand, significant activities for stress-related genes were obtained along with DNA and RNA metabolisms suggesting ameliorative responses by community to balance the effects of the ionizing radiation.SEED Level 1 GeneX^2^ or FP valueDFAmino acids and derivatives21.079.06e-07\*4,10Carbohydrates18.830.00\*4Cell division and Cell Cycle0.9210.474,10Cell wall and capsule25.681.96e-07\*4,10Clustering based subsystems15.091.04e-05\*4,10Cofactors, Vitamins, prosthetic group and pigments15.610.00\*4DNA metabolism5.1550.01\*4,10Dormancy and sporulation11.257.48e-05\*4,10Fatty acids, lipids and isoprenoids10.829.63e-05\*4,10Iron acquisition and metabolism11.820.02\*4Membrane transport29.915.18e-08\*4,10Metabolism of aromatic compound17.340.00\*4Miscellaneous14.121.65e-05\*4,10Motility and chemotaxis16.385.18e-06\*4,10Nitrogen Metabolism11.500.02\*4Nucleoside and nucleotides19.581.57e-06\*4,10Phages, prophages, transposable elements and plasmids18.030.00\*4,10Phosphorus metabolism6.3450.00\*4,10Photosynthesis13.312.47e-05\*4,10Potassium metabolism16.650.00\*4Protein metabolism7.6380.00\*4,10Regulation and cell signaling3.6580.02\*4,10Respiration1.9050.154,10RNA metabolism9.570.05\*4Secondary metabolism0.5030.744,10Stress response6.060.00\*4,10Sulfur metabolism4.6410.00\*4,10Virulence, diseases and defense18.040.00\*4^\*^Significant P~value~ (at P ≤ 0.05).

The gene categories associated with core metabolic functions under adverse conditions such as cell walls and capsules, clustering-based subsystems, DNA metabolism, dormancy and sporulation, virulence and stress response were significantly affected (at P ≤ 0.05) by the treatments (Fig. [3](#Fig3){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}).

Microbial community and functional diversity {#Sec9}
--------------------------------------------

All treatments significantly affected the Shannon diversity at all taxonomic and functional gene categorization levels (P ≤ 0.05) (Supplementary Table [4](#MOESM1){ref-type="media"}). The species diversity decreased with increasing radiation intensity but interestingly, gene functional diversity (at SEED level three) increased (Fig. [4](#Fig4){ref-type="fig"}). The species evenness also decreased with increasing radiation dose, but the species richness increased with increasing radiation (Fig. [S6a,b](#MOESM1){ref-type="media"}). Functional gene richness also increased with increasing irradiation but the evenness of functional genes showed no significant difference (Supplementary Fig. [6c,d](#MOESM1){ref-type="media"}).Figure 4Shannon diversity index of species and functional genes suggest that with increasing radiation species diversity decreases. Functional diversity increased under medium and high irradiation but decreased under low radiation treatment. These were also significantly different at p ≤ 0.05.

These effects were further analyzed at the family level, which showed algal diversity increased with increasing radiation intensity, whereas bacterial and metazoan diversity decreased with increasing radiation intensity (Fig. [5a--c](#Fig5){ref-type="fig"}). Fungi diversity also increased significantly in response to radiation, although not as strongly as algal diversity (Fig. [5d](#Fig5){ref-type="fig"}). In order to understand the effect of treatments on functional diversity within selected categories of genes, we also investigated from SEED level three. The result varied by gene category, for example the diversity either decreased, increased or showed inconsistent patterns with increasing radiation dose (Supplementary Fig. [7a--f](#MOESM1){ref-type="media"}).Figure 5Shannon diversity index for algae (**a**), bacteria (**b**), fungi (**c**) and metazoa (**d**) families reveal alternating patterns in response the radiation treatment. They were all significantly diverse. For algal families, with increasing radiation intensity diversity increased. Fungal diversity was highest under high ionizing radiation intensity. As the intensity of the ionizing radiation increases, bacteria and metazoan diversity decreases.

Rank order nestedness of the samples, reordered in terms of species and functional genes suggests that the radiation treated samples are nested within the pre-treatment and control samples for both taxonomic and functional gene categories at P ≤ 0.0000 (Supplementary Table [S5](#MOESM1){ref-type="media"}), and thus form a subset of the species and genes of these unirradiated samples.

To visualize the degree of overall similarity in soil biota taxonomic composition or functional gene composition between the treatment levels, after computation of differences in relative abundance of the different treatment levels, results were ordinated using NMDS. For the taxonomic perspective, the NMDS ordination was generated at the species level (Fig. [6a](#Fig6){ref-type="fig"}) and for functional genes at level four of SEED subsystems (Fig. [6b](#Fig6){ref-type="fig"}). The samples clustering indicated distinct and repeatable taxonomic and functional genes composition of the soil biota for each treatment. Microbial community and functional diversity co-varied and positively correlated with one another.Figure 6NMDS ordination of species (**a**) and SEED subsystems level 4 (**b**). Radiation treated samples clustered close to each other suggesting more similarity within group than between groups.

Discussion {#Sec10}
==========

Exposure to gamma radiation during the experiment produced a range of differences in both soil biota and soil chemistry, compared to the non-irradiated controls. These changes were clearly dose dependent (Figs [2](#Fig2){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).

Hypothesis 1. Soils exposed to γ-irradiation will have a taxonomically distinct biota with lower diversity compared to untreated control samples {#Sec11}
------------------------------------------------------------------------------------------------------------------------------------------------

As hypothesized, radiation exposure selected a very distinct soil community. For instance, amongst bacteria (Fig. [2](#Fig2){ref-type="fig"}, Supplementary Fig. [3](#MOESM1){ref-type="media"}), comparing the control and irradiated soils, there was a shift from dominance by Proteobacteria (in the no-radiation controls) towards Deinococcus-Thermus, which increased with increasing radiation treatments. The ability of Deinococcus-Thermus to resist high doses of ionizing radiation is because of their high DNA repair capacity and resistance to oxidative damage^[@CR31],[@CR37],[@CR58]--[@CR61]^. The absence of this complex DNA repair system in other bacteria groups may have made them less resistant to radiation. However, Chloroflexi, which also lack the same mechanisms as in Deinococcus-Thermus, increased in relative abundance in the irradiated treatments -- suggesting that they may be adopting a different strategy to resist γ-irradiation effects. They appear to represent a previously unidentified group of radiation resistors, whose adaptations to survive radiation merit further study.

For archaea, Nanoarchaeota, which increased in abundance (post irradiation) lack DNA polymerases and histone proteins present in Euryarcheota^[@CR62]^. The absence of these structures been associated with radiation-resistance warrant further investigation. Amongst fungi, radiation exposure brought about a shift from a community dominated by Ascomycota to one dominated by Chytridiomycetes, and Basidiomycota (Fig. [5c](#Fig5){ref-type="fig"}). This is in contrasts with the results of simulated space conditions and radiation treatments, where Ascomycota became dominant due to the presence of melanin^[@CR63],[@CR64]^. Soil Ascomycota are generally viewed as rapidly growing forms which exploit nutrient-rich substrates^[@CR65]^, and their rapid pace of DNA replication may have made them more susceptible to radiation damage. Their reduction here may have presented an opportunity for the even faster growing Chytridiomycota to exploit the dead cellular materials left after each radiation exposure -- even if the temporary effects of radiation on their populations may be expected to be more severe. By contrast, the increased relative abundance of Basidiomycota might instead relate to their slower growth rates, on recalcitrant substrates^[@CR65],[@CR66]^. If low rates of DNA replication make their cells less susceptible to radiation damage, then this may explain their preferential survival in the soil.

As anticipated, total species and bacterial diversity detected in the metagenome decreased with increasing radiation intensity (Figs [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). It is unclear if and when the diversity of a radiation-disturbed disturbed system would return to its pre-disturbance state, and what role local evolution of resistant strains might play in this system^[@CR50]^. However, in disagreement with our hypothesis, the diversity of fungal and algal (eukaryote) families increased, especially at the highest intensity of γ-irradiation (Fig. [5](#Fig5){ref-type="fig"}). Previous results by McNamara *et al*.^[@CR50]^ suggested that eukaryote (fungal) populations do not recover over periods of weeks after irradiation. The diversity changes we observed may imply either changes in niche competition structure or a change in nutrient availability favouring increased fungal diversity.

Hypothesis 2. Soils exposed to radiation will have a lower diversity of functional genes {#Sec12}
----------------------------------------------------------------------------------------

In contradiction with our hypothesis, we observed a greater diversity of functional genes with higher doses of ionizing radiation (Figs [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). In addition, the diversity of many subcategories of functional genes increased significantly, including those associated with cell wall and capsule, dormancy and sporulation, regulation and cell signalling, stress-related genes, virulence, diseases and defence (Supplementary Fig. [7](#MOESM1){ref-type="media"}). This may be an indication that additional functions are required to survive stress from ionizing radiation, or to rapidly exploit opportunities following irradiation while there is little competition and an abundant resource of dead cell material.

The increase in gene function diversity runs opposite to the decreasing total taxonomic diversity of the system. This supports the suggestion of Souza *et al*.^[@CR67]^ that taxonomic diversity may not necessary be associated with functional diversity. How changes in functional gene diversity influence the overall community functioning is unclear, and further investigation would require empirical measures of soil functions such as catabolic diversity^[@CR68],[@CR69]^.

Hypothesis 3. Changes in abundance of certain groups of genes associated with radiation exposure {#Sec13}
------------------------------------------------------------------------------------------------

We hypothesized that there would be an increase in the relative abundance of stress response genes, and dormancy and sporulation-related genes, following γ-irradiation. However, only dormancy and sporulation-related genes increased with γ-radiation intensity (Supplementary Fig. [7](#MOESM1){ref-type="media"}) even though spore forming groups (such as Proteobacteria and Cyanobacteria) did not increase in abundance under irradiation. Rather, Deinococcus-Thermus and Chloroflexi, which are known to express high levels of dormancy under adverse unfavourable conditions (Fig. [3](#Fig3){ref-type="fig"}), increased in abundance. The abundance of dormancy and sporulation-related genes may have increased the survival rates of these bacteria when they were irradiated. These dormancy-related genes are capable of bringing about growth retardation under stress, aiding survival^[@CR70]^. The decrease in stress-response genes may be related to the taxonomic composition of our system because microbial stress response mechanisms are species-specific and diverse^[@CR71]^. Therefore, members of the community in our system may be using different tolerance mechanisms in relation to γ-radiation stress, beyond those stress response genes identified in the MG-RAST used in the study. Riley^[@CR72]^ reported that oxidative stress-related genes are required to act upon the hydroxyl radicals generated by ionizing radiation.

We also predicted a decrease in genes related to competition and cell-cell interactions, following γ-irradiation. Our observations suggest greater importance of interference competition regulating community structure under disturbance from ionizing radiation. It seems then, that under irradiation, cell-cell interactions may be important to survival -- in contrast to the prevailing view that stressful environments involve less biotic interaction. One surprising outcome was an increase in the abundance of viruses and transposons in the radiation-treated samples, perhaps due toa breakdown of defense mechanisms in radiation-stressed cells and increased vulnerability to viral attack. Likewise, CRISPR genes -- involved in defense against viruses -- increased, suggesting greater selection on bacteria from viral attack.

Changes in soil chemistry {#Sec14}
-------------------------

Soil chemical analysis showed that the irradiated soils differed chemically (mainly in soil organic carbon) from the untreated controls, and that the changes were dose dependent (Supplementary Fig. [1](#MOESM1){ref-type="media"}). Changes in the soil chemistry of irradiated soils might occur due to perturbations in the biota^[@CR73]^, or more direct effects of radiation on soil chemistry (with resulting effects on soil biota)^[@CR42],[@CR74]--[@CR77]^. Dead microorganisms are capable of producing legacy interactions in the soil through their DNA and enzyme actions. It is also known that the use of γ-irradiation in soil sterilization may kill microbes but not inactivate their enzymes, which can leave a legacy in terms of soil matter decomposition through their continued activity^[@CR41]^. Thus, the changes in soil chemistry between our treatments could be partly due to such effects, analogous to the observation of Jurburg *et al*.^[@CR78]^ in a microcosm experiment subjected to extreme temperature perturbations.

In our study, the lack of any large changes in pH, even from very high doses, agrees with the results of Bank *et al*.^[@CR79]^. Together, these results suggest that soil pH may be resistant to change due to γ-irradiation. The decline in soil TC during the time course of the experiment in our non-irradiated samples (Supplementary Fig. [1](#MOESM1){ref-type="media"}) is quite rapid and may relate to the initial removal of living roots that had acted as source of short-lived labile carbon^[@CR80]^. Soil TN was reduced only in the high radiation treatment. This reduction may be due to loss of a large part of the microbial biomass, which represents a large part of the TN in most soils^[@CR42],[@CR66]^. The loss of N may have been a result of leaching of N containing organic or inorganic compounds from the pots, volatilization of ammonia, or dentrification of soil N, following mass death of microbial cells. It is likely, then, that fertility of the soil for plant growth would be affected by this loss of N. Since N is necessary for all microbial cells, it is possible that N limitation would become more significant in the growth and recovery of the soil ecosystem after each irradiation event. There was also an indication in the functional metagenome of decreased activity of both N fixation and ammonia oxidation, with a decline in the relative abundance of genes for both activities and (by inference from the decline in 16 s abundance in qPCR) in absolute abundance.

In conclusion, a range of different changes were found in the soil system following repeated large doses of γ-irradiation. Total bacterial and fungal biomass (indicated by qPCR) in the irradiated soils was much lower than the untreated soil, which implies the capability of the soil system to carry out ecosystem functions is greatly impaired by irradiation. This view is reinforced by the lower TN content of the most highly irradiated soils.

However, the most surprising result of this study was an increase in the finer level (Level 3) functional gene diversity, and in the taxonomic diversity of selected groups of organisms (fungi, and algae). It is unclear why repeated cycles of radiation exposure would produce an increase in taxonomic and functional diversity.

Our study has also pinpointed novel examples of groups of radiation-tolerant groups of organisms: for example the Nanoarchaeota (archaea), and Chytridiomycota (fungi). Possibly some of these can remain active through radiation exposure, whereas others are able to survive in dormant form and then increase rapidly to exploit the aftermath. The radio-tolerance mechanisms of these groups need to be further investigated.

Some caveats need to be underscored as a possible basis for further work. For example, in this study, only one soil was investigated, although this soil is broadly representative in its biota and soil characteristics of moist temperate zone soils in cultivated and disturbed environments^[@CR81]--[@CR83]^. As this is apparently the first instance in which a soil has been investigated metagomically in this context, it is unclear how other soils might respond to radiation exposure from the whole biota perspective. However, one might expect that in a less nutrient-rich but organically rich soil, or in a colder environment, the recovery rate of the soil biota between radiation phases would be slower, perhaps with lower taxonomic diversity as fewer forms would be able to maintain their population levels. It is interesting to speculate that in drier or chemically more extreme soil environments, the biota might be adapted (in terms of taxa present or genes) to radiation resistance^[@CR84]^.

The radiation doses used in our experiment were much higher than most radionuclide-contaminated soils, and it is unclear whether the effects we saw here can be meaningfully back-extrapolated to less heavily irradiated soils. Moreover, the stirring of soil undertaken in this study may have exacerbated the observed effects as suggested by Sheibani & Ahnangar^[@CR85]^, Wang *et al*.^[@CR86]^. This includes disturbance of microbial community, soil chemistry and quality.

To rigorously eliminate the possibility that some of our results were derived from 'legacy' DNA from cells that died during radiation exposure, one would ideally also employ analysis of cDNA, derived from RNA.

Lastly, we were constrained to running experiments with repeated bursts of radiation exposure. Study under continuous radiation exposure, spanning months or ideally years, might provide findings more relevant to the long-term impacts at contaminated sites or even cumulative effects of radiation in space biology.

Methods {#Sec15}
=======

Study sites and soil sampling {#Sec16}
-----------------------------

Due to limitations on the availability of space on the irradiation platform at the radiation facility, we were only able to study one soil. This soil was derived from an early successional environment on the Seoul National University campus (37°27′38.3″N, 126°57′07.5″E), located in the Gwanak Mountain area, South of Seoul, Republic of Korea. The site is characterized by a cool humid temperate climate (MAT 13.3 °C, MAP 1,212.3 mm). The vegetation of the sampling site is composed of around 80% ground cover by common ruderals such as *Poa*, *Festuca*, *Artemisia*, *Taraxacum*, *Senecio* and *Capsella*.

Sampling was carried out in the early winter season (December 2014), when soils were not yet thawed. The soil is a sandy loam typical of that region of Seoul. Three quadrats (each 10 × 10 m in size) were established 50 m apart along a linear transect. Approximately 100 g of soil (from 0 to 10 cm depth) was collected from the four corners and one centre point of the quadrat and pooled to make one individual sample. Overall, 15 samples were collected from within the three quadrats (five samples from each). Thereafter, the collected soil samples were homogenized and sieved with a sieve of 2-mm mesh size and stored at ambient room temperatures for approximately 24 h until they were incubated or irradiated. Using a completely randomized experimental design with five treatments. These were: pre-treatment (initial pre-experiment) soil from before treatments, Control (no radiation exposure but held in the incubator for six weeks) and the Low, Medium, and High radiation after six weeks. There were three replicates for each treatment (except for pre-treatment, which had 12 replicates). For each replicate, 500 g soil was placed in a ceramic self-draining pot.

Soil incubation and Gamma \[^60^Co\] radiation treatment {#Sec17}
--------------------------------------------------------

Immediately after sample collection, 100 g of the initial pre-treatment soil sample was used for chemical analysis and DNA extraction. Replicated pots of this pre-treatment soil were also stored untreated for 6 weeks alongside the pots containing the irradiated soils, during the course of the experiment. The soil was stirred once a week in all pots, whether radiation-exposed or not. The stirring was undertaken to ensure that exposure over the whole experiment was fairly evenly distributed and not concentrated on one part of the pot, as gamma ray absorption can result in gradients in radiation exposure within a sample^[@CR87]^. The free-draining pots were then all stored in an incubator at 25 °C, in randomized positions. We watered each pot with 200 ml deionized water every three days -- which was enough to keep the pots close to field capacity in moisture.

The samples for radiation-treatment were each exposed to one of three different levels of ^60^Co gamma radiation treatment at Korea Atomic Energy Research Institute, Daejeon, Korea Republic. The intensities of gamma ^60^Co radiation treatment applied to the soil were low (at 0.1 kGy/hr/wk), medium (at (1 kGy/hr/wk) and high (at 3 kGy/hr/wk). During irradiation, they were held in 500 ml clay pots. The radiation treatment was carried out for one-hour without a break, once a week for six weeks with a cobalt-60 γ-ray irradiator (point source, AECL, IR-79, Canada). Distance between the samples and radiation source was adjusted based on the γ-ray intensity and dose to give a uniform treatment/effect. The soils were then mixed well to ensure homogeneity before the next treatment. Cross contamination was prevented by keeping the pots apart (and not above each other) on the same level, using different sterile rods to stir each pot. Watering was done for each pot separately to prevent splashing. As the soils did not dry out, transmission of dust or dried spores between them was unlikely. The pots were not covered, to allow free gas exchange to the soil microbial community. The positions of replicate pots of different treatments in the incubator were randomized and randomly interchanged each week. The total amount of gamma ^60^Co radiation received by the samples throughout the six-week period was 0.6 kGy (low), 6 kGy (medium) and 18 kGy (high) respectively.

Samples were collected from each pot (of Controls and, Low, Medium and High) after six weeks to be used for soil chemical analysis and total DNA extraction.

Soil chemical analysis {#Sec18}
----------------------

Samples from each experimental and control replicate on the final day of the study, were analyzed for soil chemistry variables including total organic carbon (TOC), pH, total nitrogen (TN) at National Instrumentation Center for Environmental Management (NICEM, South Korea) based on the standard protocol of the Soil Science Society of America. TOC content was determined by oxidation with 1 N potassium dichromate in acidic medium, according to Rowell and Florence^[@CR88]^; Rowell^[@CR89],[@CR90]^. pH was determined using a combined pH electrode in a soil-water suspension (soil/tap water = 1:2). TN was determined by sulfuric acid digestion using Se, CuSO4, and K2SO4 as catalysts, with 1 g of soil with final TN content in the digest determined by the regular Kjeldahl distillation method^[@CR91]^.

Total DNA extraction and shotgun metagenomic sequencing {#Sec19}
-------------------------------------------------------

The soil DNA was extracted from 0.50 g sample of soil from each sample in replicates, using the Power Soil DNA extraction kit (MoBio Laboratories, Carlsbad, CA, USA) following the protocol described by the manufacturer. DNA isolated from each sample was amplified using primers 338 F (5 = -XXXXXXXXGTACTCCTACGGGAGGCAGCAG-3=) and 533 R (5 = TTACCGCGGCTGCTGGCAC-3 = ), targeting the V3 hypervariable regions^[@CR92]^. The Polymerase chain reactions (PCR) were carried out under the following thermal profile: denaturation at 94 °C for 2 min, followed by 25 cycles of amplification at 94 °C for 30 s, 57 °C for 30 s and 72 °C for 30 s, followed by a final extension of 72 °C for 5 min. PCR products were analyzed by electrophoresis in 1% agarose gels and were purified using Wizard SV Gel and PCR Clean-up System (Promega, USA). The paired-end sequencing for whole metagenome was carried out using Illumina HiSeq 2000 sequencing system platform (2 × 150 bp) (Illumina) according to the manufacturer's instructions at Celemics (Celemics, Seoul, Korea). Library preparation, sequencing, and initial quality filtering were performed as described previously^[@CR93]^.

Data processing {#Sec20}
---------------

To annotate the unassembled DNA sequences, we used the Metagenomics Rapid Annotation using Subsystems Technology (MG-RAST) pipeline^[@CR94]^. The MG-RAST pipeline includes several quality control filtering options for DNA sequence data, including removal of artificial duplicate, reads, and quality-based and length-based read trimming. The M5 non-redundant protein database (M5NR) was used for taxonomic annotation and the SEED database and Clusters of Orthologous Groups database for functional annotation. To identify the sequences, the best BLASTx hit was used with a minimum alignment length of 15 bp and an e-value cut-off of e \< 1 × 10−5 and 95% confidence interval. Functional annotation of the most abundant taxa was performed using the filter option. The same was done for select group of genes to reveal the responsible taxa. The shotgun metagenomics sequence data used in this study are deposited in the MG-RAST server under project ID 20322 (<http://metagenomics.anl.gov/linkin.cgi?project=mgp20322>).

Quantitative reverse transcription Polymerase Chain Reaction (RT-qPCR) {#Sec21}
----------------------------------------------------------------------

To investigate the effects of radiation on the absolute abundance of the soil biota, we conducted quantitative real-time PCR (qPCR) amplification of gene copy numbers for two important groups of soil organisms. The qPCR was done on unamplified DNA samples using Applied Biosystems^TM^ QuantStudio^TM^ 6 Flex Real-Time PCR system (by Life Technologies, Carlsbad, CA) to measure the proportion of (1) all bacteria, and (2) all fungi. To quantify bacterial 16S rRNA gene we used the forward primer 5′ TCCTACGGGAGGCAGCAGT-3′ and the reverse primer 5′ -GGACTACCAGGGTATCTAATCCTGTT-3′^[@CR95]^ and for fungal quantification, we used the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′)^[@CR96],[@CR97]^. The reaction mix consisted of 10 μL of 1x QuantiTect SYBR Green master mix (QIAGEN) with HotStar Taq, 0.5 μl of each primer (10 μM), 10 ng DNA template or prepared standard and PCR grade water to a final volume of 20 μL. Thermal cycling conditions were as follows: 50 °C for 2 min, activation step at 95^◦^C for 15 min, followed by 40 cycles of denaturation (95 °C for 15 s), annealing (60 °C for 1 min), and elongation (72 °C for 15 s). All samples including the non-template control and dilution series of standards were run in triplicate. Results were analysed using the ABI Prism 7900HT sequence detection system (Version 2.4). Thereafter, the total gene copy numbers of 16S rRNA and fungal ITS gene copies were calculated for each sample. A 10-fold dilution series were used and PCR amplification efficiency (E) were calculated based on the standard curve using the formula: E = (10^−1/slope^−1) × 100%. No PCR inhibition was found after checking with the method reported by Hospodsky *et al*.^[@CR98]^.

Statistical analysis {#Sec22}
--------------------

The taxonomic and functional diversity (Shannon index), richness and evenness were calculated using 'Vegan' and 'BiodiversityR' packages in R studio^[@CR99],[@CR100]^. To assess the interactions in the samples, we used ANOVA then TukeyHSD posthoc or Kruskal-Wallis then pairwise-Wilcox depending on whether they were normal. Relative abundances were calculated and then used to construct a boxplot or subjected to the 'pheatmap' command in R studio. Non-metric dimensional scaling (NMDS) and principal component analysis (PCA) was done using PAST \[PAlaeontological Statistic\] package^[@CR101]^ to investigate the relationship of ionizing radiation exposure to the soil chemistry and community composition of each treatment.

Using default input parameters and null model, rank order nestedness was calculated on BINMATNEST^[@CR102]^ to test whether the community assemblage in each treatment sample is a subset present in another sample. This approach calculates the p-value for rows and column totals and these were reordered following a packed matrix order from high-to-low nestedness as enumerated by Dong *et al*.^[@CR103]^.
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